The herbicide SAN 9789 (4-chloro-5-(methylamino)-2-(a,a,a-trifluoro-m-tolyl-3-(2H)pyridazinone) blocks carotenoid synthesis in growing and resting cells of Euglena at concentrations of 20 to 100 g/ml without affecting cell viability. Although the inhibition is immediate and complete, in resting cells no decrease in already synthesized carotenoids is found indicating a lack of turnover. In cells growing in the dark, carotenoids are diluted out as the cells divide. Cells dividing in the light in the presence of SAN 9789, eventually lose viability, presumably because of photooxidations usually prevented by carotenoids. During 72 hours of light-induced plastid development in dark-grown resting cells, none of the usual carotenoids increase while phytoene accumulates, indicating that SAN 9789 blocks carotenoid synthesis at this point. Chlorophyi synthesis and membrane formation are also blocked by the herbicide, but these inhibitions appear to be secondary to the inhibition of carotenoid synthesis. That carotenoid levels are strongly correlated with and may control the synthesis of chlorophyll and the formation of plastid membranes is suggested by the following data. 
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high degree of coordination and coregulation, it is useful to study the influence of inhibitors of specific membrane constituents on the morphological assembly of chloroplast membranes and the biosynthesis of other membrane components. In this study, we show that the herbicide SAN 97894 is a highly specific inhibitor of carotenoid biosynthesis during chloroplast development in Euglena. Its action blocks the pathway at a point which causes an accumulation of phytoene, blocks membrane formation, and produces concomitant regulatory effects on the biosynthesis of Chl. A brief abstract of this work has appeared (28) .
MATERIALS AND METHODS
Euglena gracilis Klebs var. bacillaris Pringsheim was grown aseptically in the dark on Hutner's pH 3.5 medium (5) with shaking at 26 C as previously described (16) . All manipulations of dark-grown cells were done under a green safelight (20) . Dark-grown resting cells were obtained as described previously (25) using resting medium pH 5. Conditions for normal chloroplast development, including illumination, have been described (24) . The method of Zeldin and Schiff (32) was used for determining cell number. Chlorophyll and carotenoid levels were measured as described by Stern et al. (25) . Viability and green colony-forming ability were determined by dilution and plating on pH 3.5 medium (21) . The plates were incubated in the dark for about 96 hr and then kept in the light until colonies appeared (1-2 weeks).
Herbicide Treatment. The herbicide SAN 9789 was a gift from Sandoz-Wander for which we are grateful. When not stated, the concentration of herbicide used was 25 ,ug/ml of medium. The herbicide was sterilized by autoclaving the solid in an empty flask. An appropriate amount of sterile medium was poured into this flask afterwards.
Extraction of Pigments. This entire procedure was carried out under dim green safelights (20) (when cells were involved) or under dim daylight (when extracts were involved).
Cells were collected and washed with 10 mM P04 buffer, pH 7; after centrifugation, a pinch of MgCO3 was added to the pellet followed by absolute acetone. Once the cells were completely extracted, the pigments were extracted from the acetone into fresh, peroxide-free diethyl ether by adding 1 volume of diethyl ether per 3 volumes of acetone extract. This mixture was then swirled gently and washed with distilled H20 exhaustively. The H20 was added very slowly to a total of about I liter/200 ml of ether-acetone mixture. Upon addition of H20, the acetone-ether mixture separated into two phases. The pigments and diethyl ether composed the upper layer, while most of the acetone and H20 remained in the bottom layer. If this first step is done carefully, and the proportions of the solvents are maintained, no pigment remains in the acetone-water layer. If some pigment remains, the acetone-water layer is again extracted with diethyl ether, and this ether extract is pooled with the one from the first extraction. On washing with H20, the ether layer clouds, but it clears at the end of the washing when there is almost no acetone left in the ether. The ether fraction was then taken to dryness under low pressure.-The pressure was released in the evaporation system by admitting CO2.
The dry pigments were redissolved in diethyl ether, transferred to a conical tube, wrapped with aluminum foil, and evaporated to dryness under N2. After this step, if necessary, pigments may be kept in the freezer for I to 2 days in tubes sealed with serum caps and containing a N2 atmosphere. When removed from the freezer, the samples were warmed under N2 before removing the caps. When necessary, the pigments were repurified using the method of Jensen and Jensen (9) .
Chromatography of Pigments. The sample to be chromatographed on thin layer plates was redissolved in a known volume of fresh diethyl ether, and a known amount of it was spotted onto the plate, usually between 5 and 20 ,ul. The chromatogram was then developed in an Eastman Kodak thin layer chromatography sandwich chamber. Once the chromatographic procedure was completed, the plate was dried under N2. The dry plate was traced to keep records of the spots, and then the chromatographic materials from the spots were scraped off and eluted with diethyl ether and absolute ethyl alcohol; in some instances, light petroleum ether was also used. The eluate from each spot was centrifuged to remove the particles in suspension, and the supematant was transferred to another conical tube. The pellet was washed with diethyl ether and ethyl alcohol, centrifuged, and the supernatant was pooled with the previous one. This latter step was repeated until the pellet was colorless. The eluates were then taken to dryness under N2. For identification and quantitation purposes the pigments were redissolved in a known volume of the appropriate solvent, and their absorption spectra were measured on a Cary 14 scanning spectrophotometer. The lambda maxima and extinction coefficients used were those reported by Davies (3), Jensen and Jensen (9) and Krinsky and Goldsmith (15) .
Silica Gel Thin Layer Chromatography. Precoated silica gel plastic sheets without fluorescent indicator were purchased from Eastman Kodak Co., and used without further activation, unless specified.
The samples were usually chromatographed in two dimensions, with 20% ethyl acetate in methylene chloride (v/v), in the first dimension and with benzene, ethyl acetate and ethyl alcohol (80:20:10, v/v/v), in the second dimension.
When extracts were chromatographed in only one dimension, the 20% (v/v) ethyl acetate in methylene chloride system was used (23) (Fig. 1) .
For the separation of phytoene, the silica gel plates were activated by heating at 100 C for 30 min. These plates were used immediately after cooling. The developing solvent was light petroleum ether (boiling range 37.4-49.6 C). The position of the colorless spots was detected on a parallel chromatogram that was stained with iodine vapor (26) .
Cellulose MN 300 Thin Layer Chromatography. Polygram Cell 300 (cellulose MN 300), 0.1 mm thick, precoated plastic sheets, were purchased from Brinkmann Instruments Inc. The chromatography was performed in only one dimension, and the solvent system used was methyl alcohol-water-methylene chloride (100:20:18, v/v/v [22] ). In order to use this system, saponification of the samples was required to avoid streaking (Fig. 1 (15) ; N: neoxanthin furanoid oxide (15) ; C: a-carotene (15) and, when present, phytoene, phytofluene, and c-carotene.
Photoconversion of Protochlorophyll(ide). In the following procedure, the steps that involved cells were performed under dim green safelights (20) Table I ), suggesting that bleaching of the cells precedes killing. This deleterious effect of the herbicide is probably related to the fact that cells grown in the light in the presence of herbicide for periods longer than 75 hr have very low carotenoid contents of 0.007 pg/cell compared with about 0.4 pg/cell for normal cells. As a result, these cells would be much more sensitive to photooxidation (8, 11, 13, 30) .
SAN 9789 also blocked carotenoid synthesis in W3BUL, a mutant of Euglena that lacks detectable chloroplast DNA (4). The carotenoid values for untreated dark-and light-grown cells were 0.1420 and 0.1520 pg/cell, respectively, while the values for the SAN 9789-treated cells were 0.0082 and 0.0102 pg/cell, respectively, suggesting that at least a part of cellular carotenoid biosynthesis occurs outside the plastid. Since the synthesis of both cytoplasmic and plastidic carotenoids are sensitive to SAN 9789 carotenoids, like several other plastid constituents, they may be synthesized by enzymes formed outside the plastid and which may later enter the developing plastid (29) . This would be consistent with the findings in higher plants that some of the enzymes beyond those for mevalonic acid synthesis are found in both the plastid and nonplastid compartments of the cell (6, 19, 27) .
Light-induced Chloroplast Development in Dark-grown Resting Cells in Presence of SAN 9789. Figure 3 shows that the inhibition of carotenoid synthesis during light-induced chloroplast development in dark-grown resting cells where dilution and side effects due to cell division are eliminated was dependent on the concentration of SAN 9789. As the concentration of herbicide was increased, the lag in carotenoid synthesis was lengthened. Since detoxification of the herbicide by removal of a methyl group has been shown to occur in cranberry (31), the length of the lag in Euglena might be dependent on a balance between the amount of herbicide supplied and the amount detoxified.
The initial amount of carotenoids present in dark-grown darkresting cells did not change on prolonged dark incubation of the cells with SAN 9789 suggesting the absence of carotenoid turnover in these cells (Fig. 3) .
Treatment with SAN 9789 under resting conditions in light or darkness produced no loss in viability and no bleaching of the cells as judged by plating experiments. The difference in the reduction in viability and extent of bleaching in resting (data not shown) and growing cells (Table I) carotenoids remained constant at about 0.4 pg/cell. This latter concentration may be enough to prevent photodamage to the resting cells (8, 11, 13, 30 Figure 4 show that the herbicide blocked the synthesis of all the colored carotenoids, but not the synthesis of the colorless precursor phytoene in dark-grown Euglena cells growing in the dark in the presence of SAN 9789. Phytoene was undetectable in the untreated cells, although, as seen in Figure 4 , there was a fair amount of material whose UV absorption resembled that of phytoene. This material was further chromatographed on activated silica gel plates using light petroleum ether as the developer. When this chromatogram was compared to the one of treated cells, a spot corresponding to phytoene was detected only in the herbicide-treated cells. These results suggest that SAN 9789 blocks carotenoid synthesis after the formation of phytoene.
As previously noted, dark-grown resting cells are not engaged in carotenoid synthesis and turnover (Fig. 3) . Because of this, the herbicide was not expected to have any effect on the accumulation of individual carotenoids in the dark. As shown in Table III (first two columns) there is no major difference in the amounts of individual carotenoids accumulated by the treated and untreated cells. Phytoene did not accumulate in darkresting treated or untreated cells, suggesting that the herbicide by itself does not have a stimulatory effect on phytoene synthe-S1S.
Table III also shows that dark-grown resting cells exposed to light synthesize several of the usual carotenoids found in Euglena. When dark-grown resting cells are treated with SAN 9789 and exposed to light, much of this synthesis is inhibited and phytoene accumulates (Table III) .
Since phytoene along with carotenes remains at the origin in the original chromatograms on cellulose MN 300 using methyl alcohol-water-methylene chloride as the solvent (22) , this material from the origin was eluted (Fig. 5) and rechromatographed on activated silica gel (Fig. 5) (26) . Upon elution from the second chromatogram the UV absorption spectrum of this material is identical with published spectra for authentic phytoene (18) (Fig. 6 ). These data, together with similar results for darkgrown dividing cells (Fig. 4) show that SAN 9789 blocks carotenoid synthesis beyond phytoene.
Inhibition of Chlorophyll Synthesis by SAN 9789. After an initial increase in the amount of Chl in dark-grown dividing cells (8, 11, 13, 30) .
Experiments with SAN 9789 in dark-grown resting cells exposed to various intensities of light to induce Chl synthesis and chloroplast development (Fig. 8) provide somewhat different results. Over a wide range of intensities, the final amount of Chl synthesized is the same, although the initial rates of synthesis vary. If the accumulation of Chl was opposed by photodestruction of Chl in these cells, less Chl should accumulate at higher intensities since photodestruction should be greater. That this does not occur indicates that the levels of carotenoids found in these cells are adequate for photoprotection while the lower levels found as a result of dilution in the dividing cells are not.
To check whether the amount of Chi accumulated is indeed proportional to the amount of carotenoid present, the carotenoid level in dark-grown resting cells was varied by allowing the cells to undergo division in the dark for various times in the presence of SAN 9789 before cell division ceased and the cells were exposed to light to initiate Chl synthesis. Since we have shown (Fig. 2) exposed to light, Chl is lost at a rate faster than that predicted from the rate of cell division (Fig. 7) . In sized is proportional to the amount of carotenoids originally present in the dark-grown resting cells (Fig. 9) . Since photodestruction does not seem to be a problem under these conditions (Fig. 8) , the Chl carotenoid ratios being comparable in the two experiments, we conclude that the amount of Chl formed is regulated by the amount of carotenoid synthesized, an example of the coregulation of membrane constituents which insures proper assembly. These results also explain why dark-grown Euglena cells have enough carotenoids to serve for the first 12 hr of development even though they have extremely low levels of Pchl pigments. The excess carotenoids ensure that the Chl initially formed will not be photodestroyed and that sufficient membrane sites will exist to accommodate the Chl formed during the first 12 hr of development.
This conclusion is consistent with the finding (data not shown) that the presence of SAN 9789 does not inhibit the photoconversion of Pchl(ide) to Chl(ide) when dark-grown resting cells are exposed to light.
Potentiation in SAN 9789-treated Cells. Figure 10 shows that preillumination for 2 hr followed by a 12-hr dark period brings about the elimination of the normal lag period in Chl synthesis when the cells are exposed to continuous light, a phenomenon called potentiation (7) . If the herbicide is added before preillumination, lag elimination still occurs on exposure of the cells to continuous light. Eventually, however, Chl accumulation slows down and stops, probably due to limitations imposed by existing carotenoid levels determined by the presence of the herbicide. In an attempt to remove the herbicide from these potentiated cells, very little recovery of carotenoid synthesis after washing the cells was observed. If cells which have been growing in the presence of the herbicide for over 20 generations in the dark are washed and resuspended in fresh medium, however, allowed to divide about five times in the dark and are then exposed to light, Chl formation and chloroplast development take place. These results taken together would suggest that the herbicide, which is quite insoluble in water, binds to a lipophilic site on the membrane where it exerts its action on carotenoid synthesis. The unfavorable partition with water prevents its removal from this site by washing, but the synthesis of new sites in dividing cells permits the dilution out of inhibited sites allowing a recovery from inhibition only in dividing cells.
Membrane Morphology in Presence of SAN 9789. Figure II shows the normal morphology of the Euglena proplastid in dark-grown cells growing in the dark. The double limiting membrane of the proplastid can be seen as well as the noncrystalline prolamellar body, and several continuous peripheral thylakoids surrounding the proplastid within and frequently close to the limiting double membrane. Cells grown in the dark in the presence of SAN 9789 for seven generations contain proplastids which lack a great deal of the usual thylakoid structure (Fig.  12) . Although the double limiting membranes are still present and prolamellar bodies are occasionally seen, the girdling thylakoids have become reduced to small segments of incomplete membranes or to even smaller vesicles. One might speculate that thylakoid membrane assembly normally begins with the formation of vesicles which later enlarge and elongate as assembly continues and components are added. In the absence of carotenoids and Chl when SAN 9789 is present, membrane assembly is probably halted at an early stage represented by incomplete thylakoids and eventually by vesicles. As division in the presence of the inhibitor continues (Fig. 13 ) the concentration of carotenoids and Chl becomes less and less, leading to the great reduction in thylakoid structure seen after 24 was performed to check that the variances were not significantly different, so they could be combined.) = (X2-Xl) -0/ (S-/N2) + (S2/N1) all point in the same direction: that the formation of plastid thylakoid membranes requires the simultaneous availability of the membrane components and that this is normally achieved by an elaborate coregulation of the biosynthesis of these components to ensure that the correct amounts are usually present. When the synthesis of one set of components (in this case, the carotenoids) is inhibited, the synthesis of other components such as Chl is stopped and membrane assembly is halted. Mutants which accumulate large amounts of Chl have not been isolated. This is probably due to the tight coordination imposed by coregulation on their biosynthesis and may be related to the ability of these compounds to act as photosensitizers of destructive photooxidations when these pigments are not bound to their proper membrane sites. If this is so, there would have been a very strong evolutionary selection for coregulation of the biosynthesis of these components and a strong selection against the accumulation of any one in the absence of the normal membrane structure to contain it.
The high specificity of SAN 9789 as an inhibitor of carotenoid synthesis and, therefore, as an inhibitor of the formation of membrane components and their assembly indicates that this compound may be extremely useful in studies of the biochemistry of membrane formation.
